Studs are often used as shear connectors or anchors between concrete and steel members at various composite structures. As the studs are welded in a finite range of the steel members and each stud generally has different distance from the edge of structural concrete, it can be expected that they do not show the same pull-out and shear strength. In this paper, therefore, the test data of previous investigations including new data obtained by authors and existing formulae for pull-out and shear strength of the stud are reevaluated, and the strength equations were revised in the case of independent of the edge distance. Then for the studs near the concrete edge, new influence factors were found and composed into the revised equations as coefficients.
INTRODUCTION
Recently in Japan, due to intending to simplify the highway bridge system, several new types of hybrid structures composed of steel and concrete members have been actively developed. In order to realize such new type of hybrid structures, it is necessary not only to satisfy the required performance of joint part and/or connection members, but also to derive reliable formulae to evaluate the strength of connection members and establish an accurate design method.
The composite joints of hybrid structures are designated as the jointing part between steel girder and RC pier of a hybrid rigid frame bridge, the jointing part of steel and concrete members at a mixed bridge, anchoring part of steel pier to concrete footing and contact parts between flange plates of main girders and RC-slab at a plate girder bridge system, etc.
In these structural parts, stud shear connecters have been used frequently as jointing elements between steel and concrete. However, when the studs are used in narrow jointing space, it can be seen that the expected load carrying capacity cannot be obtained because of insufficient distance from the edge of concrete. And, in the field of bridge engineering, previous researches on the strength of the stud are limited to the one concerning to composite girder, and almost all of them are on studs welded on the steel girder with sufficient edge distance 1) . But, there are a few studies on the stud strength considering edge distance, and these are only in the field of architectural engineering 2) . Therefore, for the design of composite joints mentioned above, it is important to clarify the effects of edge distance on the pull-out and shear strength of the stud.
Under these circumstances, firstly in this research, testing methods adopted in the previous 70(70s) researches and existing proposals of pull-out and shear strength of the stud are reevaluated, and both the domestic and foreign tested data including new results obtained by authors are collected and rearranged.
And then, based on the statistical analysis of these data, the influence factors on the strength of the stud are clarified, and the estimating equations of pull-out and shear strength of the stud are proposed both in the case of ignoring edge distance and considering them.
However, the estimating equations for pull-out and shear strength of the stud with 6mm diameter are already reported in reference 3).
LITERATURE REVIEW (1) In the case being independent of edge distance a) Pull-out strength
Existing equations to estimate the pull-out strength of headed stud are shown in Table 1 4)-12) . These equations are derived by assuming that a stud subjected to pull-out load would fracture with conical shear surface, and can be basically classified into 2-types of which employs either the gross surface area or the effective horizontal projective area of the cone as a parameters for evaluating the strength. And either the shear strength ( ' c f ) or the tensile strength ( 3 / 2 ' c f ) is employed as a concrete strength. Though, basically, the shear strength should be used for the gross surface area of the cone, and the tensile strength should be used for the effective horizontal projective area, such treatments are not done so, in practice.
Photo 1 shows a conical pull-out fracture mode of the concrete. A pull-out strength of the stud is generally derived under the assumption that the conical fracture surface inclination is 45 degrees. However, it can be seen as the photo. that the concrete just under the stud head shows a pure shear mode with the sharp inclination, and as the fracture face get closer to the concrete surface, the inclination of the cone gets to gradually flat. While the photo shows a result of a specimen with no reinforcement, it can be expected that the fracture face of a specimen with reinforcing mesh will show more complicate. In any case, the inclination angle of the cone does not show 45 degrees as assumed generally, so far.
Within the whole tested data of 294 collected in this investigation as shown in Table 3 , 93 data except the data affected by edge distance and broken at the stud shank, are arranged based on the relation proposed by the research group of Lehigh-University as shown in Fig. 1 . The proposal by Lehigh-University was adopted entirely in the PCI design hand book. In the figure, the ordinate shows a experimental value and the abscissa shows a calculated value given by the estimating equation. It can be seen that the pull-out strength of the stud with conical fracture surface is accurately expressed with high correlation coefficient of 0.9632. However, the estimating equation is inconsistent because the pull-out strength is estimated by shear strength of the concrete despite of using the effective horizontal projective area of the cone. 
b) Shear strength based on push-out tests for single and double shear surfaces
In general, shear resistance of a stud has been obtained experimentally with the testing method as shown in Fig. 2 , so far.
The most widely used testing method is a push-out test with the composite steel section having outer double shear surfaces, and it is just called "Push-out shear test". The method can be loaded with a pure shear state until ultimate limit, and is hardly influenced by the edge distance because the concrete resists by bearing strength of the concrete under the stud shank. In addition, it is based on the assumption that the steel plate at the stud root does not deform until ultimate state as shown in the right side of the figure. Therefore, no rapid reduction of shear resistance is recognized due to confined effect under the tri-axial compression of the concrete at the front part of the stud, even if the concrete around the root of the stud crushes locally.
Push-out test for the sandwiched concrete specimen with two cover plates is developed to determine the strength of shear connectors used in sandwich structures such as submerge tunnel, harbor caisson block etc. In this method, due to the relatively thin plate thickness of the specimen, the plate at root of the stud deforms locally in the early stage of the load. This rotational deformation of the plate increases with the increase of loading, and the concrete at front of the stud crashes locally. So that, the large deformation of the plate caused by the crush of concrete induces the decrease of shear resistance.
Shear test by tensile loading for single shear surface is used frequently to obtain the shear strength at anchoring part between steel pier and concrete footings mainly in architectural engineering field. In this testing method, since the steel plate with welded studs is pulled horizontally by high strength steel bar, the shear force is loaded eccentrically, and the plate will be bent out of the shear surface. Consequently, the concrete at front of the first stud locally crushes in early stage due to a complex stress state in the direction of stud axis, and then the shear resistance of the stud decreases.
(2) In the case of considering edge distance a) Pull-out strength
When the distance e from the edge of concrete to the center of stud is shorter than the length of stud shank h s , a cone surface formed by pull-out load becomes a partially lacked one cut by the concrete end. Therefore, as specified by Architectural Institute of Japan (AIJ), the pull-out strength is reduced by considering the lack of the effective horizontal projective area as shown in Fig. 3 . For reference, the general fracture model ignoring edge distance is also shown in this figure.
For the whole collected data of 294 shown in Table 3 , the relationship between measured pull-out load and edge distance is analyzed as shown in Fig. 4 . Though the data widely scattering, the envelope enclosing upper bound of pull-out strength shows a tendency that the tested values decrease with the decrease of edge distance. So a more detailed analysis for the effect of edge distance seems to be necessary for the design of stud by the pull-out strength.
The pull-out strength equations proposed by Fisher et al. and specified in PCI design handbook are shown in Table 2 . For reference, the table also shows the equation proposed by AIJ which is presented by lower bound of tested value. As it is clear from the table, those equations are giving a simple reduction factor for the edge effect. The procedure seems to be PCI design handbook (1978) too simple to express the effect of edge distance. And the equation by AIJ seems to be too much safety side, because it is given by the lower bound data.
b) Shear strength based on push-out test for single and double shear surfaces
Because the push-out test for double shear surfaces in standing type is hardly influenced by edge distance as mentioned above, the test data would be excluded from the object of discussions.
The strength equations for shear resistance of the stud for the specimen with single shear surface proposed by Fisher et al. and specified in PCI design handbook are also shown in Table 2 . The table also shows the AIJ equation obtained by the same manner as pull-out strength, for reference. As it is clear from the table, in the same manner as pull-out strength, Fisher et al. expresses the shear strength of the stud considering edge distance by only multiplying the equation being independent of edge distance by a reduction factor. And, PCI equation also is a mere experimental equation, and has no clear basis. In the same manner, the AIJ standard gives an estimating equation for shear resistance considering edge distance using the vertical effective projective area obtained by assuming the conical fracture surface starting from the bearing portion at the stud shank surface as shown in the right side illustration of Table 2 . And the equation is also irrational due to adoption of the lower bound of tested data. When a shear test is carried out by tensile loading through reinforcing bars in concrete block, the concrete surface of pull side is free and the studs nearest to the concrete surface will be affected by edge distance. In the same manner as pull-out strength, the whole 118 data shown in Table 5 for single shear tests are collected and arranged in this study, and the relationship between measured shear capacity and edge distance is shown in Fig. 5 . From the figure, though the tested data are widely scattering, the upper bound of tested values decrease linearly with the decrease of edge distance, and the influence of the edge distance on the shear strength of the stud is clear.
PROPOSAL OF PULL-OUT AND SHEAR STRENGTH EQUATIONS FOR HEADED STUD (1) Influence factors on pull-out and shear strengths and basic statistical data of previous tests a) Pull-out strength
From the strength equations proposed so far as shown in Table 1 , it can be supposed that the significant influence factors on the pull-out strength of the stud are shank diameter (d s ), length of stud shank (h s ), diameter of stud head (d h ), compressive strength of the concrete (f' c ), effective horizontal projective area parameter of the cone (d s +h s ) and edge distance (e).
The basic statistical data found so far both in the domestic and foreign papers for pull-out strength including new data obtained by authors are 294 as shown in Table 3 5),10),12),15),18) .
b) Push-out shear strength
As for the shear strength based on the push-out test for the specimen with double shear surfaces, the shaft diameter (d s ), overall length (h), tensile strength (f su ) of the stud and compressive strength of the concrete (f' c ) would be the significant factors. Because, for the push-out shear test, it can be considered that the shear strength is hardly influenced by edge distance, since the force acting on H-shaped steel is resisted by bearing strength of the concrete under the stud shank.
The basic statistical data for the push-out shear strength by the tests for double shear surfaces including by authors results (whole number : 197) are shown in Table 4 19) .
c) Shear strength for single shear surface
For the shear strength based on the push-out test for the specimens with single shear surfaces, the shaft diameter (d s ), overall length (h), diameter of stud head (d h ), compressive strength of the concrete (f' c ) and edge distance (e) would be the significant factors. And basic statistical data for push-out shear strength by single shear test including by authors (whole number : 118) are shown in Table 5 11),20), 22) .
(2) Derivation of strength equation for pull-out strength of the stud a) Studs embedded deeply from concrete edge
The appropriate experimental data of 231 was statistically analyzed by logarithmic multiple regression analysis.
Based on the parameters in the existing strength Then, Eq.(2) can be derived by the multiple regression analysis.
value 63.7 for 1.967, and 3.75 for 0.316
Where, the significance of the exponential part in the regression equation is examined by the t value, and it is judged that a bigger t-value gives a higher significance. In addition, the multiple correlation coefficient was 0.974.
Then, from taking the previous strength equations into account, each exponential part can be rounded off for practical usage as Eq. (3).
Then, the 93 data showing the high correlation were rearranged using the relation of Eq.(3) as shown in Fig. 6 . From the figure, it was clarified that the regression equation gives the medium value (median) of tested data in all range.
The validity of Eq.(3) was confirmed by the Fig. 6 . However, the equation form of PCI design handbook was also investigated in order to keep the consistency as a pull-out strength equation.
The equations of PCI design handbook are derived under the assumption of two fracture modes that the stud shank are broken itself and the concrete cone fracture around the stud. The tensile strength of the stud shank is the upper bound. Then PCI equations are given by Eq. (4) . Here, in Eq.(4) making the acting direction of the external force coincides with the resisting direction, and by assuming that the strength equation is given in the form of the product of projected area of the shear cone on a concrete face (A c ) and the tensile strength of the concrete (f t ), the form of basic equation is expressed as follows. . 7 shows rearranging the data of Fig. 6 using Eq. (6) . As is obvious from the figure, the results of Fig. 7 shows an equivalent evaluation in comparison with the result by Eq.(3) derived from multiple regression analysis with the equivalent correlation coefficient (0.9678 0.9673). Therefore, it can be considered that the Eq.(6) using the tensile strength of the concrete gives an appropriate estimation for the pull-out strength of the stud, too.
Finally, by rounding off the coefficient of Eq.(6), Eq. (7) can be proposed, as an appropriate pull-out strength of the stud.
with a limitation of {(e-d s /2)/h s ≥ 2.0} as shown in the following paragraph. b) Considering edge distance As mentioned above, there are many unsolved problems for the influence of edge distance on the pull-out strength of the stud. However, in order to estimate the reduction of pull-out strength due to the smaller distance from the concrete edge to the stud, an edge distance parameter was introduced and investigated. In the PCI equation, the value of the edge distance e (distance from the concrete edge to the central axis of the stud) divided by the length of stud shank h s is defined as the edge distance parameter. In this case, the pure cover changes depend on the diameter of the stud, even if the edge distances are same.
Therefore, a pure cover ratio {(e-d s /2)/h s } was employed as the edge distance parameter in order to eliminate the difference.
Moreover, on formulation of pull-out strength of the stud considering edge distance, the data gotten by break at stud shank were excluded, and the tested data for the specimen with reinforcements around the stud were also omitted, because the pull-out strength seems to increase by restraint of the reinforcements.
Taking the pure covering ratio to the abscissa as the new edge distance parameter, and the normalized force which is divided the experimental pull-out strength by the calculated value given by Eq. (7) to the ordinate, tested data were plotted as shown in Fig. 8. From the figure, it is obvious that the tested data are remarkably scattering. However, from general view of the figure, it is judged that the normalized force of ordinate converges roughly to 1.0 when the edge distance parameter exceeds 2.0. Namely, it can be said that the pull-out strength of the stud is hardly influenced by edge distance for the range of the edge distance parameter above 2.0.
Therefore, by only the data of the abscissa value under 2.0, the regression analysis by linear and exponential type were carried out again. As a result, it was clarified that the results obtained by the exponential regression analysis shows higher correlation, though the tested data were scattered (See Fig. 9 ). From this fact, it was considered that the strength equation for the range of {(e-d s /2)/h s ≤ 2.0} should be given as the exponential function, and the following reduction factor ( p ) could be introduced in order to simplify the expression. As shown in Fig. 10 , the tested data was plotted with the pure covering as abscissa and the loading ratio (P/P u ) as ordinate, in a similar manner as Fig. 8 , and an applicability of Eq.(9) which is incorporated a coefficient given by Eq.(8) into Eq. (7) was examined (whole data of 73 with the concrete strength over 25N/mm 2 ). Fig. 10 , it can be observed that the Eq. (7) is linked to Eq.(9) at the edge distance parameter equal to 2.0, but at that point, the relation between the edge distance parameter and the loading ratio changes from the exponential function to the constant value.
For the data same as Fig. 10 , taking the edge distance parameter into account, the tested pull-out strength were compared with the calculated ones as shown in Fig. 11 . As is clear from the figure, though the calculated value gives the medium of experimental one in the range of less than 100kN, in the range of more than 100kN, the experimental value tends to take a less value than the calculated one. However, because of the high correlation coefficient of 0.9578, it was judged the strength equation for pull-out strength of the stud can be given by Eq. (7) and Eq.(9). 70% and/or 80% reduction value of Eq.(7) and Eq.(9) are also shown in Fig. 10  and Fig. 11 . From these figures, it can be found that the 70% reduction curve of Fig. 10 well expresses the lower bound of the tested data. Therefore, the reduction curve can be employed as the design strength formulae which take the scattering of tested data into account.
(3) Derivation of shear strength equations of the stud a) In the case being independent of edge distance
Push-out shear test The shear strength of the stud obtained by the ordinary push-out test method is considered to be hardly influenced by edge distance due to the characteristics of testing method. From the statistical arrangements of the previous tested data, Hiragi and Matsui proposed the strength equations for shear strength of the stud 19) . In this study, whole test data including the new data obtained by the authors were rearranged according to the above evaluating method.
And the result is shown in Fig. 12 (whole data of 197 shown in Table 4 ). The validity of the equation by Hiragi and Matsui can be certified from the figure. Therefore, it was judged that this equation can be adopted as the strength equation for push-out shear For reference, both the shear test data obtained by double shear surface specimens for inner concrete and by the single shear surface push-out test (Refer to Fig. 2 ) are also shown in Fig. 12 . From this figure, those test results seem to be obviously a little bit lower, in comparison with the ordinary push-out test results. However, the gradients of both results seem to be similar. That is, though the regression line for the ordinary push-out shear test results has the intercept at y-axis, the regression lines for shear strength of double shear surfaces by inner concrete and for single shear test seem to be expressed without the intercept.
Hereafter, the data collected by the new testing method which can represent the stress transfer mechanism of actual structures is strongly expected.
Shear test of single shear surface by tensile load The shear test results of single shear surface by tension type loading are shown with the regression line in Fig. 13 . The data were a few data (whole 50 data). As is clear from the figure, the intercept of the regression equation becomes zero, and the correlation coefficient (R) shows a high value of 0.9943. And the gradient of regression line shows a little higher value of 32.9 in comparison with 31.3 which was obtained by the push-out shear test .
From the results, as the strength equation for single shear strength of the stud independent of edge distance, the following expression can be proposed considering the same parameter of the ordinary push-out shear strength equation. 
In the shear test by tension type loading for single shear surface, the stud welded on steel plate has a tendency to develop local bending of the plate due to the eccentricity of acting force. And the strength becomes a little bit smaller than the push-out results. Therefore, it can be said that the Eq.(11) is a shear strength equation for the studs welded on thin steel plate. Moreover, the equation form was determined under the engineering judgment to make the gradient of the equation coincide with push-out shear strength one of Eq.(10) and to put the intercept of the equation zero.
b) Considering edge distance
Shear test for single shear surface by tensile load As noted earlier, generally in the push-out shear test, the shear strength is hardly affected by edge distance of the concrete. However, in the shear test by tension type loading for single shear surface, the shear strength of the stud seems to be influenced by edge distance. The ratio of the pure cover to the length of stud shank {(e-d s /2)/h s } is employed as a edge distance parameter as well as the pull-out Table 5 ). It is recognized from this figure that the shear force ratio of ordinate converges roughly to 1.0 when the edge distance parameter exceeds 2.0. This means the shear strength of the stud is hardly influenced by edge distance for the range of edge distance parameter over 2.0 as well as the pull-out strength.
Then, for only the data of the edge distance parameter under 2.0 in Fig. 14, the linear regression equation was obtained with higher correlation with the correlation coefficient of 0.9257 (See Fig. 15 ). Therefore, the strength equation for the affected range of edge distance {(e-d s /2)/h s ≤ 2.0} is given by linear function, and the following reduction factor ( p ) can be introduced. 
As shown in Fig. 16 , the tested data were plotted with the pure cover of edge distance parameter as abscissa and the shear force ratio as ordinate, and the Eq.(13) with the coefficient given by Eq.(12) and Eq.(11) for the range of {(e-d s /2)/h s ≥ 2.0}.was drawn on the figure (same data number as Fig. 14) . 
From Fig. 16 , it is observed that the Eq.(11) is linked to Eq.(13) at the edge distance parameter equal to 2.0, and the relation between the edge distance parameter and the shear force ratio can be expressed as a bi-linear curve. Furthermore, 70% and/or 80% reduction value of Eq.(11) and Eq. (13) are drawn in Fig. 16 . From the figure, the 70% reduction curve of Fig. 16 seems to be the lower bound of tested data.
As by all the test data of 118 and taking the edge distance parameter into consideration, the test values were compared with the calculated ones as shown in Fig. 17 . As is clear from the figure, though the calculated value gives the medium of experimental one in the range of less than 200kN, the experimental value in the range of more than 200kN tends to take a less value than the calculated one. However, because of the high correlation coefficient of 0.9562, it was judged that the strength equation for shear strength of the stud with single shear surface can be given by Eq.(11) and Eq. (13) . Moreover, it can be seen the 70% reduction values of Eq.(11) and Eq.(13) well expresses the lower bound of scattering data. Therefore, the reduction curves can be employed as the design strength formulae which take the scattering of tested data into account.
CONCLUSIONS
Firstly, in this paper, the strength equations of the pull-out and shear strength of the stud, proposed by previous researches and specified in design handbook were introduced, and by presenting a problem from the degree of conformity for the existing tested data, the necessity of presenting the strength equation of the stud was emphasized. Secondly, the statistical processing was carried out for the existing tested data including the data obtained by authors, and then, the strength equations for both the pull-out and shear strength of the stud were derived rationally. Finally, the design strength formulae which take the scattering of tested data into account were also proposed by introducing the reduction factor. This study is summarized as follows.
(1) The pull-out strength equation of the stud was derived by revising of strength equation specified in PCI. For the pull-out strength of the stud ignoring edge distance, Eq.(7) was proposed by formulating in the form of the product of projected area of the shear cone and the tensile strength of the concrete.
Then, for the pull-out strength equation of the stud considering edge distance, the value dividing the pure cover thickness by the length of stud shank {(e-d s /2)/h s } was newly introduced as an edge distance parameter, and the Eq.(9) was proposed for the edge distance parameter under 2.0. In addition, the Eq.(9) is linked to the strength equation of Eq. (7) which is unaffected by edge distance at {(e-d s /2)/h s }=2.0.
(2) The validity of the push-out shear strength equation of Eq.(10) proposed by Hiragi and Matsui was certified statistically, and adopted herein as the push-out shear strength equation of the stud. Especially, as for the push-out shear strength, the data including fine diameter stud ( mm) tested in this study could be accurately rearranged.
(3) Shear strengths for double shear surfaces of inner concrete and for single shear surface show a little lower values in comparison with push-out shear strength. As the shear strength equation of these cases, Eq.(11) that put the intercept of the push-out shear strength equation to zero can be proposed in the case of ignoring edge distance.
In addition, as the shear strength equation for single shear surface of the stud considering edge distance, the Eq.(13) was proposed by using a new edge distance parameter {(e-d s /2)/h s } for the parameter under 2.0 as well as pull-out strength equation. In addition, the Eq.(13) is linked to the Eq.(11) which is unaffected by edge distance at {(e-d s /2)/h s }=2.0. (4) The 70% reduction values of pull-out and shear strength equations of the stud proposed herein can be adopted as design values considering the scattering of tested data.
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